Introduction
The transcription factor nuclear factor B (NF-B) is best known for its roles in inflammation and immune responses (Chen and Greene, 2004; Lin and Karin, 2007) . NF-B is composed of heterodimers or homodimers of NF-B subunits, RelA (p65), RelB, c-Rel, p50, and p52, among which the most prominent dimer is that of RelA/p65 and p50, with RelA/p65 containing transactivation domains (Hayden and Ghosh, 2004; Karin, 2006) . The activity of NF-B is tightly controlled by inhibitor B (IB), which keeps NF-B inactive in the cytoplasm (Albensi and Mattson, 2000) . Phosphorylation by IKK (IB kinase) causes proteolytic degradation of IB, resulting in NF-B translocation to the nucleus where it binds to the B consensus sequence within target gene promoters and regulates gene transcription (DiDonato et al., 1997; Zandi et al., 1998; Albensi and Mattson, 2000) . A growing body of evidence has suggested roles of NF-B proteins in nervous system, including neural development, neurodegeneration, synaptic plasticity, and behavior Meffert et al., 2003; Meffert and Baltimore, 2005; Mattson and Meffert, 2006; Lubin and Sweatt, 2007) . Here, we have investigated the role and mechanism of NF-B signaling in the postsynaptic organization of vertebrate NMJ.
At the vertebrate NMJ, clustering of acetylcholine receptor (AChR) at postsynaptic skeletal muscle surface is stimulated by Agrin, a motor neuron-derived glycoprotein, through activation of muscle-specific tyrosine kinase (MuSK) (Valenzuela et al., 1995; DeChiara et al., 1996; Glass et al., 1996; Lichtman, 1999, 2001 ) and the coreceptor LRP4 (Kim et al., 2008; Zhang et al., 2008) . A number of intracellular proteins regulating this process have been identified (Wu et al., 2010) . Among them, AChR-associated protein Rapsyn plays a pivotal role in AChR cluster formation and stabilization (Phillips et al., 1991a,b; Gautam et al., 1995; Apel et al., 1997) . Genetic ablation of Rapsyn prevents AChR clustering and NMJ formation (Gautam et al., 1995; Lin et al., 2001) , and overexpression of Rapsyn is sufficient to induce AChR clustering in heterologous cells (Qu et al., 1996; Apel et al., 1997) . Recent studies have shown that Agrin induces, whereas ACh disperses, AChR clusters during NMJ synaptogenesis (Lin et al., 2005; Misgeld et al., 2005) , and this counteractive interaction is mediated by Rapsyn, which stabilizes AChR clusters by inhibiting Calpain, a calcium-dependent protease involved in ACh-induced dispersion of AChR clusters (Chen et al., 2007) .
The importance of Rapsyn at the NMJ has prompted us to investigate the mechanisms governing Rapsyn expression.
Here, we have investigated the function of NF-B in the assembly of the postsynaptic apparatus at the vertebrate NMJ. Upregulation of NF-B promoted, whereas downregulation or inhibition of NF-B attenuated, AChR clustering in cultured skeletal muscle cells. Mechanistic studies showed that RelA/p65 subunit of NF-B is essential for the expression of Rapsyn. In line with these findings, elimination of RelA/p65 in the skeletal muscle caused a decrease of AChR density at the NMJ. Thus, NF-B signaling plays an important role in AChR clustering by transcriptional regulation of synaptic protein Rapsyn.
Materials and Methods
Reagents. Antibodies against Rapsyn and MuSK were described in our previous studies (Luo et al., 2002; Chen et al., 2007) Tetramethyl-rhodamine-␣-bangarotoxin (R-BTX) was purchased from Invitrogen, and recombinant rat C-terminal Agrin was from R&D Systems.
Constructs. The construct harboring a fusion of the NF-B p65 subunit with GFP (GFP-p65) was provided by Dr. Yi-Zheng Wang (Institute of Neuroscience, Chinese Academy of Sciences, Shanghai, China) (Tao et al., 2006) . Stabilized IB (IB SR ) was provided by Dr. Chen Wang (Institute of Biochemistry and Cell Biology, Chinese Academy of Sciences, Shanghai, China) (Sun et al., 2007) . Reporter construct of B, B-Luc, was provided by Dr. Mien-Chie Hung (M. D. Anderson Cancer Center, University of Texas, Houston, TX) (Deng et al., 2002) . The reporter construct that contains the 5605 nt 5Ј-flanking region of Rapsyn gene and the downstream cDNA encoding firefly luciferase (R5k-Luc) was described in our previous study . Vector-based p65 small interference RNAs (siRNAs) were encoded by pSUPER vectors, with the following sequences: #366, 5Ј-GAAGCGAGACCTGGAGCAA-3Ј; #1410, 5Ј-CTCAGAGTTTCAGCAG-CTC-3Ј. The siRNA that does not target any known mammalian gene (5Ј-TTCTCCGAACGTGTCACGT-3Ј) was cloned into pSUPER as a control.
Cell culture, transfection, and Western blotting. C2C12 myoblasts were maintained in DMEM with 20% fetal bovine serum [growth media (GM)]. Fusion of myoblasts into myotubes was induced by switching to the differentiation/fusion media (FM) (DMEM supplemented with 3% horse serum). C2C12 myoblasts in 50% confluence were transfected with Lipofectamine 2000 (Invitrogen), or FuGene HD (Roche Applied Science), following the manufacturer's instructions, and then switched to FM. Whole-cell lysates in the Nonidet P-40 buffer containing protease inhibitor mixture (Calbiochem) or nuclear extracts were prepared, followed by SDS-PAGE and Western blot with indicated antibodies.
C2C12 stable cell line. Stable C2C12 clones expressing RelA/p65 siRNA (siRNA#366, siRNA#1410) or control siRNA were generated by transfection with pSUPER vectors encoding individual siRNA, respectively. Transfections were performed with Cell Line Nucleofector Kit V (Amaxa) according to the manufacturer's protocol, and G418-resistant clones were collected after 2 weeks in growth media.
Luciferase assay. C2C12 myoblasts were cotransfected with 0.2 g of GFP-p65 or GFP, and 0.1 g of R5k-Luc reporter plasmids in 24-well plate. After differentiation, luciferase activity in myotube lysates was measured using the dual luciferase kit (Promega). The relative luciferase activity of the reporter over cotransfected Renilla luciferase encoded by pRL-TK was normalized, with values at control group set as 1. The ratio of R5k-Luc to pRL-TK was 10:1.
Quantitative reverse transcription-PCR. Total RNA was isolated from C2C12 myotubes using Trizol reagent (Invitrogen). Reverse transcription was performed by using oligo-dT primers according to the manufacturer's protocol. Quantitative reverse transcription-PCR was performed on Mx3000P real-time PCR instrument (Stratagene) with a SYBR Premix Ex Taq kit (Takara). The housekeeping gene GAPDH was Figure 1 . RelA/p65 is expressed in skeletal muscle cells. A, B, C2C12 myoblasts in growth media (GM) or myotubes in differentiation/fusion media (FM) for different days were lysed or subjected to nuclear purification. Cell lysates (A) or nuclear extracts (B) were subjected to immunoblotting (IB) with indicated antibodies. TBP was used as nuclear loading control. C, Two weeks after denervation, soleus muscle was separated and homogenates (20 g of proteins) were subjected to IB with indicated antibodies. Muscles without denervation were used as controls. Three mice were analyzed. DN, Denervated; INN, innervated.
Figure 2. Upregulation of RelA/p65 promotes AChR clustering. A, C2C12 myoblasts were transfected with vectors encoding GFP-p65 or GFP, and the fully differentiated myotubes were treated with Agrin (5 ng/ml) for 6 h to induce the formation of AChR clusters. Transfected myotubes were then stained with R-BTX. Scale bar, 50 m. B, C, Quantification of total AChR cluster length (B) and numbers (C) in 100 m of transfected myotubes marked with GFP (n ϭ 119 for control, n ϭ 50 for p65). Data are shown as mean Ϯ SEM from three experiments. *p Ͻ 0.05, **p Ͻ 0.01, one-way ANOVA with Student's t test.
used as the reference for quantification. Primer sequences were as follows: Rapsyn, 5Ј-ATAT-CGGGCCATGAGCCAGTAC-3Ј (forward) and 5Ј-TCACAACACTCCATGGCACTGC-3Ј (reverse); GAPDH, 5Ј-TGAAGCAGGCATCTGA-GGG-3Ј (forward) and 5Ј-CGAAGGTGGAAG-AGTGGGAG-3Ј (reverse).
Electrophoretic mobility shift assay. For electrophoretic mobility shift assay (EMSA) analysis, nuclear proteins of C2C12 myotubes were extracted by using a modified procedure described previously (Deryckere and Gannon, 1994) . Briefly, myotubes were washed for three times using 1ϫ PBS and lysed with low-salt solution (0.6% NP-40, 150 mM NaCl, 10 mM HEPES, pH 7.9, 1 mM EDTA, 0.5 mM PMSF, and 1:200 protease inhibitor mixture set III), followed by centrifugation at 2000 rpm for 30 s. The supernatant was incubated for 20 min on ice and then centrifuged for 5 min at 13,000 rpm. The pelleted nuclei components were resuspended in a high-salt solution (25% glycerol, 20 mM HEPES, pH 7.9, 420 mM NaCl, 1.2 mM MgCl 2 , 0.2 mM EDTA, 0.5 mM DTT, 0.5 mM PMSF, and 1:200 protease inhibitor mixture set III), and incubated on ice for 20 min. After brief centrifugation, insoluble cellular debris was discarded, and the supernatant was aliquoted, stored at Ϫ80°C until use. The probes used in EMSA were as follows: NF-B-A, 5Ј-TCCAAGT-GGGTAATTCCATGAAC-3Ј; NF-B-B, 5Ј-GCT AGACAGGTGAAATCCCTTCT-3Ј; NF-B-C, 5Ј-GATGACCTGGAACTTTCTATGTA-3Ј; NF-B-D, 5Ј-AATGGGGTGGAATGTTCCA-TTAG-3Ј; MHC (positive control), 5Ј-CAG-GGCTGGGGATTCCCCATCTCCACAGTT-TCACTTC-3Ј; mutated NF-B, 5Ј-AGTTGAG-GCGACTTTCCCAGGC-3Ј. These probes were labeled with biotin using 3Ј-end DNA labeling kit (Pierce) and incubated with 10 g of nuclear protein at room temperature for 20 min using the LightShift Chemiluminescent EMSA kit (Pierce). The DNA-protein complex was separated on a non-denatured 6% PAGE and visualized by chemiluminescent nucleic acid detection module kit (Pierce). For supershift assay, antibodies against p65, p50, or control rabbit IgG were incubated with the mixture of nuclear extracts and the probes for 20 min before non-denatured PAGE.
Chromatin immunoprecipitation assay. Chromatin immunoprecipitation (ChIP) analysis was performed following the manufacturer's instruction (Millipore) with minor modifications. Briefly, fully differentiated C2C12 myotubes (cultured on 10 cm dishes) were fixed with 1% formaldehyde for 10 min, and then 2.5 M glycine to stop fixation. Nuclear fractions were collected and lysed in 350 l of lysis buffer (1% SDS, 10 mM EDTA, 50 mM Tris-HCl, pH 8.1). After extensive sonication, 150 l of supernatant was mixed with 1350 l of ChIP dilution buffer (0.01% SDS, 1.1% Triton X-100, 1.2 mM EDTA, 167 mM NaCl, 16.7 mM Tris-HCl, pH 8.1), followed by immunoprecipitation with indicated antibodies. The precipitated complexes were washed and eluted as instructed, and coupled DNA was extracted for PCR analysis. For the PCR analysis of Rapsyn 5Ј flanking region (Ϫ696 to Ϫ496 nt), the primers were as follows: 5Ј-GGCTGA-GACAGGTAGATCTCTC-3Ј (forward) and 5Ј-AAGCCAGGGTAGCC-TCAAACTC-3Ј (reverse).
Mice.
RelA floxed/floxed mice with loxP sites flanking exons 7 and 10 of the RelA/p65 gene (Algü l et al., 2007) were crossed to HSA-Cre mice (Brennan and Hardeman, 1993; Miniou et al., 1999; Luo et al., 2003) , generating mutant mice with muscle-specific deletion of RelA/ p65. The conditional knock-out (CKO) mice survived until adulthood without apparent behavioral abnormalities. Rapsyn heterozygous mice (Rapsyn ϩ/Ϫ ) were kindly provided by Peter Noakes (University of Queensland, Brisbane, Queensland, Australia). All experimental Figure 3 . Downregulation or inhibition of NF-B signaling inhibits AChR clustering. A, HEK-293 cells were cotransfected with GFP-p65 and pSUPER-nonsilencing or pSUPER-p65-siRNA. Cell lysates were subjected to immunoblotting (IB) with antibodies against p65 or ␤-actin. B, C2C12 myoblasts were transfected with control (pSUPER-nonsilencing) or pSUPER-p65-siRNA (siRNA#366 or siRNA#1410) plasmids. Fully differentiated myotubes were treated with Agrin to induce the formation of AChR clusters and stained with R-BTX. C, D, Quantification of total length (C) and number (D) of AChR clusters (n ϭ 69 for control; n ϭ 45 for siRNA#366; n ϭ 25 for siRNA#1410). Data are shown as mean Ϯ SEM from three experiments. E, HEK293 cells were cotransfected with Res and pSUPER (lane 1) or pSUPER-p65-siRNA (lanes 2, 3). Cell lysates were subjected to IB with anti-GFP antibody to determine levels of GFP-p65 and pSUPER-encoded GFP, using ␤-actin as loading control. F, Stable C2C12 cell lines expressing p65-siRNA were transfected with GFP-p65
Res , and fully differentiated myotubes were treated with Agrin (5 ng/ml) for 6 h. AChR clusters were marked by R-BTX. G, H, Total length (G) and number (H ) of AChR clusters in 100 m myotubes are shown in the histograms (n ϭ 50 for control; n ϭ 50 for C2#1410; n ϭ 54 for C2#1410 with p65
Res ). I, J, Total cluster length (I ) and number (J ) of AChR clusters in 100 m myotubes transfected with control vector or plasmid encoding IB␣ SR are shown in the histograms (n ϭ 62 for control; n ϭ 69 for IB␣ SR ). **p Ͻ 0.01, ***p Ͻ 0.001, one-way ANOVA with Turkey's honestly significant difference post hoc tests. Scale bar, 50 m.
protocols followed institutional guidelines for animal care and administration.
Immunohistochemistry and AChR cluster assays. Cultured muscle cells were stained with indicated antibodies after fixation in 4% paraformaldehyde for 30 min, followed by incubation with secondary antibody or together with R-BTX to label AChR clusters (Luo et al., 2003) . Images were collected with confocal microscope. The total length of all AChR clusters or number of clusters in 100 m myotube was quantitatively analyzed following the method described previously (Chen et al., 2007) . For whole-mount staining of diaphragm, soleus, or sternomastoid muscles, staining procedure was followed as described in the previous study (Luo et al., 2003) , with anti-synaptophysin antibody labeling synaptic nerve terminals. Given that the most ventral side of the diaphragm has little anatomical variation across mice, AChR clusters in this region were analyzed.
Results
Expression of RelA/p65 in developing skeletal muscle or cultured muscle cells First, we determined the localization of RelA/p65 in teased soleus muscles from adult mice. Immunohistochemistry analysis showed that RelA/p65 distributed surrounding postsynaptic AChR patches, which were positively stained with R-BTX (supplemental Fig. S1 A, B, available at www.jneurosci.org as supplemental material). This pattern is similar to that seen for the Drosophila homolog of NF-B, Dorsal, which has been shown to distribute surrounding glutamate receptor (GluT) clusters at the NMJ (Heckscher et al., 2007) . In addition, RelA/p65 was also found in other cell types, such as Schwann cells around the NMJ (supplemental Fig. S1 B, available at www.jneurosci.org as supplemental material).
Given the presence of RelA/p65 in multiple cell types (e.g., muscle cells and perisynaptic Schwann cells) (supplemental Fig.  S1 A, B, available at www.jneurosci.org as supplemental material), we determined the expression and localization of RelA/p65 in cultured muscle cells. C2C12 myoblasts were kept in GM and then switched to FM for different days to induce myotube fusion.
The differentiation status of C2C12 muscle cells was evaluated with the expression of MHC, a marker for mature muscle cell (Fig. 1 A) . Of note, the expression of AChR␣ and Rapsyn was progressively induced in differentiating muscle cells (Fig.  1 A) . Interestingly, although the level of RelA/p65 remained constant in muscle cells at different developmental stages (Fig. 1 A) , it was found to be accumulated in nuclear fractions of differentiating myotubes, with the peak appearing on day 3 in fusion media (Fig. 1 B) . This nuclear localization pattern of RelA/p65 is coincident with the expression pattern of Rapsyn and AChR␣ (Fig. 1 A) . Given the role of Agrin in AChR clustering, we determined whether RelA/p65 expression changes on exposure of myotubes to Agrin. We found that muscle cells treated with Agrin exhibited no changes in the protein level (supplemental Fig. S2 , available at www.jneurosci.org as supplemental material) or nuclear localization of RelA/p65 (data not shown). It is known that denervation of skeletal muscles causes upregulation of several postsynaptic proteins to compensate the loss of presynaptic input (Evans et al., 1987; Goldman and Staple, 1989; Luo et al., 2002) . Interestingly, marked increase in the level of RelA/ p65 was observed in denervated (DN) muscles, compared with that of innervated (INN) muscles, whereas ␤-actin remained unchanged (Fig. 1C) , suggesting the regulation of RelA/p65 by electrical muscle activity. These results prompted us to investigate the role of RelA/p65 in developing muscle cells, in particular the process of postsynaptic differentiation at the NMJ.
Role of p65 in AChR clustering in cultured muscle cells
To investigate the role of RelA/p65 in postsynaptic differentiation, we first determined the gain-of-function effect of NF-B by overexpressing GFP-p65 in cultured C2C12 muscle cells. The transfected myotubes were treated with Agrin (5 ng/ml) for 6 h to induce the formation of AChR clusters ( Fig. 2A) . Interestingly, overexpression of GFP-p65 resulted in marked increase in the formation of AChR clusters, compared with control cells transfected with vehicle GFP vector (control). The effect on AChR cluster formation was reflected from increased total length (Fig. 2B) and number (Fig. 2C) of AChR clusters in p65-transfected muscle cells.
Next, we determined the loss-of-function effect of NF-B by downregulating the endogenous RelA/p65 with the siRNA approach. We designed two siRNAs, siRNA#366 and siRNA#1410, against mouse p65, both of which could suppress the expression of exogenous and endogenous p65 efficiently in human embryonic kidney 293 (HEK-293) cells (Fig. 3A) . Transfection of C2C12 muscle cells with plasmids encoding these siRNAs resulted in marked reduction in the formation of AChR clusters, compared with cultures transfected with control (nonsilencing) siRNA (Fig. 3B-D) . As shown in Figure 3 , C and D, both total length and number of AChR clusters were decreased in RelA/p65 knockdown cells. Thus, p65 plays an important role in AChR cluster formation.
RelA/p65 has been shown to function as a negative regulator of MyoD-induced myogenesis or differentiation (Guttridge et al., 1999, 2000; Bakkar et al., 2008) . It is thus conceivable that RelA/p65 downregulation may affect myotube formation and thus inhibit AChR clustering. To determine the effect of RelA/p65 downregulation on muscle differentiation, we established stable cell lines of C2C12 with p65 knockdown, C2#366 and C2#1410 (for details, see Materials and Methods), and the efficiency of knockdown was confirmed by Western blot analysis (Fig.  4 A, B) . We found that C2#366 and C2#1410 cells were normally differentiated to form mature myotubes, which were positively stained with MHC, after 4 -5 d cultured in FM, although this process was slightly delayed than that of control cells (supplemental Fig. S3 , available at www.jneurosci.org as supplemental material). Similar to that seen in transienttransfected muscle cells by p65-siRNAs, Agrin-induced AChR clustering was decreased in RelA/p65 knockdown stable cell lines (Figs. 3F-H, 6 ). To eliminate off-target effect of p65-siRNA, we generated a siRNAresistant construct of p65, GFP-p65
Res (Fig.  3E) . Expression of p65
Res in p65 knockdown muscle cells exhibited a rescue effect on either total length (Fig. 3G) or number of AChR clusters (Fig. 3H) . Thus, the effect of p65 downregulation on AChR clustering is specific.
Under resting conditions, NF-B subunits (e.g., RelA/p65 or p50) are usually located in the cytoplasm to form inactive complexes with inhibitory molecule IB (Karin et al., 2004) . After release from IB, NF-B dimmers can translocate from the cytoplasm into the nucleus and switch on or off target gene expression. To further examine the role of NF-B signaling in AChR clustering, we took advantage of IB SR , the mutated form of IB, which contains serine-to-alanine mutations at positions 32 and 36, and thus renders IB to be resistant to proteasome-mediated degradation and constitutively keeps NF-B in the cytoplasm and inhibits NF-B activity (Diao et al., 2005; Sun et al., 2007) . We found that transfection with IB SR caused a marked reduction in the total length and number of AChR clusters (Fig. 3 I, J ). This result is in line with the notion that NF-B signaling is essential for AChR cluster formation.
p65 is essential for Rapsyn gene expression
Next, we investigated the mechanisms by which NF-B regulates AChR clustering. Interestingly, we found that the protein level of Rapsyn showed a marked reduction in p65 knockdown cells (C2#366 and C2#1410), compared with control cells (Fig. 4 A, D) . However, p65 knockdown had no effect on the level of AChR␣ (Fig. 4 A, C) . Thus, RelA/p65 may regulate Rapsyn expression. Given that activated RelA/p65 is capable of regulating target gene transcription, we further examined the mRNA level of Rapsyn in p65 knockdown cells. Quantitative PCR showed that the level of Rapsyn mRNA was dramatically decreased in p65 knockdown cells (Fig. 4E) . Thus, RelA/p65 regulates Rapsyn gene transcription.
p65 promotes Rapsyn transcription
We further examined whether NF-B signaling affects transcription of Rapsyn by using promoter reporter assays. NF-B dimers have been proposed to bind to consensus sequence GGGRN-NYYCC of the target gene promoter (R is purine, Y is pyrimidine, and N is any base) (Miyamoto and Verma, 1995) . We analyzed the sequence of the Rapsyn 5Ј-flanking region between Ϫ5435 and ϩ170, and identified four putative NF-B consensus binding sites (Fig. 5A, sites A-D) . The reporter construct R5k-Luc that contains the 5605 nt 5Ј-flanking region of Rapsyn gene and the downstream cDNA encoding firefly luciferase has been demonstrated in our previous study . The relative luciferase activity of the reporter over cotransfected Renilla luciferase encoded by pRL-TK was measured in C2C12 myotubes. We found that cotransfection with RelA/p65 caused a marked increase in the promoter activity of R5k-Luc, compared with con- D) were indicated in the R5K promoter (A, Ϫ3510 to Ϫ3500 nt; B, Ϫ2991 to Ϫ2981 nt; C, Ϫ2208 to Ϫ2199 nt; D, Ϫ593 to Ϫ583 nt). B, C2C12 myotubes were cotransfected with R5k-luc and GFP-p65, MyoD, or control plasmid. Firefly and Renilla luciferase activity was assayed as described in Materials and Methods. *p Ͻ 0.05, **p Ͻ 0.01, Student's t test. C, R5K-Luc (marked as ABCD) or the constructs with the deletion of indicted NF-B binding sites (mutations lacking site A, C, D, AC, or AD were labeled as BCD, ABD, ABC, BD, or BC, respectively) were cotransfected with GFP-p65 or vehicle plasmid. The data shown are the ratio of relative reporter activity between p65-transfected and control cells. All the experiments were repeated at least six times. *p Ͻ 0.05, one-way ANOVA with Turkey's honestly significant difference post hoc tests. D, Nuclear extracts were prepared from C2C12 myotubes, and EMSA was performed with biotin-labeled probes corresponding to putative NF-B binding sites. The MHC-I probe containing a bona fide NF-B binding site was taken as a positive control and the mutated NF-B binding site was taken as negative control (N.C.). E, Supershift EMSA was performed with myotube nuclear extracts preincubated with normal IgG or specific antibodies against RelA/p65 or p50 subunits. F, Nuclear extracts from C2C12 myotubes were incubated with normal IgG or antibodies against RelA/p65, p50, or acetylated histone H3; quantitative PCR analysis was conducted with coimmunoprecipitated DNA using Rapsyn promoter primers covering the region containing site D. Error bars indicate SEM.
trol cells cotransfected with vehicle plasmid (Fig. 5B) . Given that Rapsyn promoter contains several E-box consensus sequence CANNTG, which shall be responsive to a variety of myogenic determination factors, including MyoD, myogenin, Myf5, and Myf6 (Ohno et al., 2003) and the known regulation of other NMJ proteins, such as AChR and MuSK, by MyoD (Cheng et al., 1992; Prody and Merlie, 1992; Kim et al., 2003) , we determined whether Rapsyn is regulated by MyoD. We found that indeed MyoD had no effect on the promoter activity of R5k-Luc (Fig.  5B) . Together, these results suggest that RelA/p65 promotes Rapsyn gene expression.
To determine which NF-B-binding motifs on Rapsyn promoter are involved in regulating the Rapsyn promoter activity, we generated site-specific mutated forms of Rapsyn reporter constructs. As shown in Figure 5C , myotubes transfected with mutated Rapsyn reporter constructs lacking site D (ABC or BC) exhibited a loss of responsiveness to RelA/p65 upregulation, and the constructs containing intact site D (ABCD, BCD, ABD, or BD) retained the responsiveness to RelA/p65 upregulation. These results suggest that site D is essential for RelA/p65-dependent Rapsyn gene expression. In accordance with this notion, only biotin-labeled probes containing site D showed a band shift in an EMSA, when mixed with nuclear extracts prepared from C2C12 myotubes (Fig. 5D) . As the positive control, the probe derived from the major histocompatability complex class I (MHC-I) also exhibited a band shift in the EMSA (Fig. 5D) . In contrast, mutated NF-B probe [negative control (N.C.)] exhibited no band shift (Fig. 5D ). This result suggests that protein complexes from nuclear extracts of cultured myotubes bind to the consensus DNA sequence for NF-B in Rapsyn promoter region.
To determine which NF-B subunits are responsible for the observed band shift, we performed a supershift assay by adding antibodies against RelA/p65 or p50, two major subunits of the NF-B family, when performing EMSA analysis using site D probe. We found that incubation with both p65 and p50 antibodies resulted in supershifted band, indicating that RelA/p65 or p50 binds to site D, directly or indirectly (Fig. 5E ). In line with this notion, ChIP assay also showed a remarkable association between RelA/p65 and the specific Rapsyn promoter region containing site D element (Fig. 5F ). Although both p65 and p50 showed association with Rapsyn promoter in the ChIP assay, p65 seemed to have higher binding affinity than p50 in binding with Rapsyn promoter (Fig. 5F ). These observations have provided direct evidence that NF-B regulates Rapsyn gene expression.
p65 regulation of Rapsyn is required for AChR clustering
In light of the regulation by RelA/p65 of AChR clustering and Rapsyn expression, we hypothesized that p65 might regulate AChR clustering by modulating Rapsyn expression. To test this hypothesis, stable RelA/p65 knockdown C2C12 muscle cells were transfected with exogenous Rapsyn driven by a promoter that does not respond to NF-B regulation. We found that overexpression of Rapsyn-GFP in these RelA/p65 knockdown cells prevented the failure in the formation of AChR clusters caused by the loss of RelA/p65, as shown by the rescue of total length and number of AChR clusters (Fig.  6C,D) . Of note, overexpression of Rapsyn-GFP induced formation of many small AChR clusters (Fig. 6 B) , as reflected from increased number of AChR clusters, compared with control cells without RelA/p65 downregulation (Fig. 6 D) . Previous studies have shown that proper ratio between AChR and Rapsyn in muscle cells is important for AChR cluster formation (LaRochelle and Froehner, 1986; Yoshihara and Hall, 1993; Han et al., 1999) . Both decreased and increased expression of Rapsyn have been shown to inhibit AChR clustering in myotubes (Yoshihara and Hall, 1993; Han et al., 1999) . In agreement with these observations, we found that overexpression of Rapsyn in control cells caused a decrease in the length of AChR clusters (Fig. 6C) , and an increase in the number of small clusters (Fig. 6 B, C) . The decrease in the length of clusters caused by Rapsyn overexpression was not observed in C2#366 and C2#1410 muscle cells (Fig. 6C) , probably because of appropriate levels of reconstituted Rapsyn. Thus, strict regulation of Rapsyn expression is essential for the formation of normal AChR clusters, and RelA/p65 plays an important role in governing Rapsyn expression.
Role of p65 in NMJ development in vivo
Finally, to evaluate the role of RelA/p65 in neuromuscular junction development in vivo, we used the loxP/Cre approach to selectively eliminate the RelA/p65 gene in skeletal muscle. Gene encoding for the Cre recombinase was under the control of human skeletal actin promoter (HSA) (Brennan and Hardeman, 1993; Miniou et al., 1999) . We crossed the RelA floxed/floxed mice with loxP sites flanking exons 7 and 10 of the RelA/p65 gene (Algül et al., 2007) to HSA-Cre mice, and thus obtained the mutant mice with muscle-specific deletion of RelA/p65. The mutant Figure 6 . Forced expression of Rapsyn prevents the failure in AChR clustering caused by RelA/p65 downregulation. Stable C2C12 cell lines with RelA/p65 knockdown (C2#366 or C2#1410) were transfected with empty vector or that encoding Rapsyn-GFP. Fully differentiated myotubes were treated with Agrin for 6 h. AChR clusters were labeled with R-BTX. Shown in A and B are images from representative experiments. Scale bar, 50 m. C, D, Quantification of AChR cluster length (C) and number (D) in 100 m myotubes (n ϭ 50 for Ctl-siRNA, n ϭ 87 for C2#366, n ϭ 77 for C2#1410 in control group; n ϭ 26 for Ctl-siRNA, n ϭ 33 for C2#366, n ϭ 17 for C2#1410 in Rapsyn-GFP group). Data are shown as means Ϯ SEM from at least three experiments. **p Ͻ 0.01, ***p Ͻ 0.001, one-way ANOVA with Turkey's honestly significant difference post hoc tests.
mice exhibited normal muscle differentiation (Fig. 7B) . However, AChR clusters appeared abnormal in the diaphragms of these mutant mice, in particular in the late developmental stages (Fig. 7A) , as shown by the analysis of number, size, and intensity of AChR clusters (Fig. 7C-H ) . We found there were fewer AChR clusters in the diaphragms of RelA/p65 mutant mice, compared with littermate controls at P0 (Fig. 7 A, C,F ) . However, no difference was observed for the number of clusters at embryonic stages [embryonic day 16.5 (E16.5) to E18.5] (Fig. 7C) , probably because of the weak expression of Cre driven by HSA promoter in the skeletal muscle at early developmental stages (Brennan and Hardeman, 1993; Luo et al., 2003; Chen et al., 2007) . Interestingly, diaphragms of mutant mice exhibited smaller AChR clusters at E18.5, as reflected from the decreased area of individual clusters (Fig. 7D) . Furthermore, the intensity of AChR clusters was lower in mutant mice than in littermate control mice at E18.5 (Fig. 7E) or postnatal day 0 (P0) (Fig. 7 F, H ) . Mild but not significant decrease in the area of individual AChR clusters was found in P0 mutant mice (Fig. 7G) . Given that Rel/p65 CKO mice survived to adulthood, we examined the AChR clusters at later stages. By the end of the second postnatal week (P15), most of the AChR patches at mouse NMJs have attained the pretzel-like adult-form structures (Marques et al., 2000) . We found that RelA/p65 mutant mice at P30 exhibited a marked decrease in the area occupied by AChR patches, compared with wild-type control mice (Fig. 8 A, B) . Of note, the AChR patches in mutant mice were usually fragmented (Fig. 8 A) Together, all these results indicate that NF-B regulates AChR clustering in vivo. ϩ/Ϫ or p65 Ϫ/Ϫ mice were stained with antibody against synaptophysin (green) to mark synaptic nerve branches, MHC to mark muscle fibers, and R-BTX to label AChRs. Shown are representative images from the ventral quadrant of the right side hemidiaphragm of heterozygous ( p65 ϩ/Ϫ , top panels) or homozygous p65 knock-out mice (p65 Ϫ/Ϫ , bottom panels) at P0. Scale bar, 100 m. C, Numbers of AChR clusters in diaphragms at indicated stages were measured (n ϭ 8 for E16.5 ϩ/?, n ϭ 4 for E16.5 Ϫ/Ϫ; n ϭ 12 for E18.5 ϩ/?, n ϭ 6 for E18.5 Ϫ/Ϫ; n ϭ 6 for P0 ϩ/?, n ϭ 6 for P0 Ϫ/Ϫ). D, E, Average area (in square micrometers) (D) or intensity (E) of individual AChR clusters from diaphragms of wild-type or mutant mice at E18.5 (n ϭ 56 for ϩ/?; n ϭ 79 for Ϫ/Ϫ). F, Representative images of AChR clusters in ϩ/Ϫ or Ϫ/Ϫ mice at P0. Scale bar, 20 m. G, H, Average area (in square micrometers) (G) or intensity (H ) of individual AChR clusters at P0 (n ϭ 18 for ϩ/?; n ϭ 14 for Ϫ/Ϫ). Data are shown as means Ϯ SEM. *p Ͻ 0.05, ***p Ͻ 0.001, Student's t test.
In line with the notion that NF-B regulates Rapsyn expression in cultured muscle cells, we found Rapsyn level was decreased in the muscle of RelA/p65 mutant mice compared with littermate control wild-type mice (Fig. 8C,D) . The level of Rapsyn was reduced by ϳ50% in RelA/p65 ϩ/Ϫ mice. Indeed, Rapsyn ϩ/Ϫ mice, which showed ϳ50% reduction in Rapsyn levels (supplemental Fig. S4 A, available at www.jneurosci.org as supplemental material), usually exhibited fragmented AChR clusters (supplemental Fig. S4 B, available at www.jneurosci.org as supplemental material). The area occupied by each NMJ was smaller in Rapsyn ϩ/Ϫ mice than in littermate control mice (Rapsyn ϩ/ϩ ) (supplemental Fig. S4C , available at www.jneurosci.org as supplemental material). These defects phenocopied that of RelA/ p65 ϩ/Ϫ mice. Thus, both in vitro and in vivo evidence support the notion that NF-B signaling plays an important role in the formation or stabilization of AChR clusters, by regulating the expression of synaptic gene Rapsyn.
Discussion
NF-B system proteins have been implicated in neurite differentiation, neuronal survival, synaptic plasticity and memory, and neuronal disorders (Schmidt-Ullrich et al., 1996 Lubin and Sweatt, 2007) . In this study, we demonstrate an important role of NF-B in AChR clustering at the vertebrate NMJ, extending the reported role of Drosophila homolog of NF-B, Dorsal, in specifying GluR density during NMJ development (Heckscher et al., 2007) . Furthermore, we found that RelA/p65 subunit of NF-B controls AChR clustering via transcriptional regulation of synaptic protein Rapsyn, providing a mechanism and specific target of NF-B action.
At the vertebrate NMJ, AChR clustering underneath nerve terminals are stimulated by Agrin/MuSK signaling and involves a number of intracellular proteins Lichtman, 1999, 2001 ), most of which exert clustering function via transmitting signals from surface, scaffolding receptors with cytoskeleton components, or regulating cytoskeleton organization directly (Weston et al., 2000; Luo et al., 2002 Luo et al., , 2003 Finn et al., 2003; Wang et al., 2003; Okada et al., 2006; Linnoila et al., 2008) . In this study, we have identified a role of NF-B in regulating AChR clustering, based on evidence obtained in cultured muscle cells and in vivo. First, in C2C12 myotubes, downregulating the expression of RelA/p65 subunit of NF-B by siRNA caused a reduction in the formation of AChR clusters induced by Agrin (Fig. 3A-H ). In contrast, upregulation of NF-B by overexpression of RelA/p65 increased AChR clusters (Fig. 2) . Second, inhibiting NF-B activity by overexpressing IB SR , the mutated form of IB that is believed to be resistant to proteolytic degradation, and thus constitutively renders NF-B in an inactive state, exhibited a similar effect with that of NF-B siRNA. Third, the mutant mice with musclespecific knock-out of RelA/p65 exhibited a remarkable reduction in the intensity or size of AChR clusters, although the expression level of AChR was not changed (Figs. 7, 8 ). This effect was significant at late embryonic (E18.5), perinatal (P0), or adult stage (P30), rather than earlier stages (E16.5 and E17.5), probably because the expression of gene driven by HSA promoter progressively increases during muscle development (Luo et al., 2003; Chen et al., 2007) . Nevertheless, we conclude that NF-B plays a pivotal role in AChR cluster formation or stabilization.
At the Drosophila NMJ, NF-B and IB homologs Dorsal and Cactus distribute surrounding postsynaptic GluR clusters, where Dorsal controls GluR density presumably via posttranscriptional mechanisms (Heckscher et al., 2007) . Interestingly, NF-B subunit RelA/p65 was found to be enriched at the regions around AChR clusters at the mouse NMJ (supplemental Fig. S1 , available at www.jneurosci.org as supplemental material). In differentiating C2C12 skeletal muscle cells, the nuclear localization pattern of RelA/p65 coincides with that of Rapsyn expression (Fig. 1 B) . Furthermore, there are several NF-B consensus sequences in the Rapsyn promoter (Fig. 5A, motifs A to D) . EMSA analysis shows that both RelA/p65 and p50 subunits of NF-B can bind to motif D. In agreement with this notion, upregulation of RelA/p65 increased activity of Rapsyn promoter with site D sequence intact, but had no effect on Rapsyn promoter with site D deleted (Fig.  5C ). In support of the essential role of NF-B in regulating Rapsyn expression, a remarkable reduction in the level of Rapsyn was observed in C2C12 muscle cells with RelA/p65 downregulated (Fig. 4) or in muscle tissues derived from RelA/p65 knockout mice (Fig. 8C,D) . Finally, the loss of AChR clusters in RelA/ p65 downregulated muscle cells was partially prevented by overexpressing Rapsyn (Fig. 6 ). All these results support the conclusion that NF-B controls AChR clustering, at least partially, through the transcriptional regulation of synaptic protein Rapsyn. It remains possible that NF-B also regulates other synaptic proteins at the NMJ.
How might NF-B be regulated during NMJ development? One of the most potent activators of NF-B is tumor necrosis factor-␣ (TNF␣) (Baker and Reddy, 1998; Mattson et al., 2000) . Interestingly, TNF␣ activation of NF-B has been implicated in mechanisms of muscle wasting (Guttridge et al., 2000) , and denervation-or tumor-induced muscle loss (Cai et al., 2004) . Thus, TNF␣ signaling may be involved in synaptogenesis at the NMJ. Importantly, glia-derived TNF␣ has been shown to play important role in synaptic scaling (Stellwagen and Malenka, 2006) and modulate synaptic plasticity by controlling membrane insertion of NMDA receptors (Wheeler et al., 2009 ). In addition to TNF␣, other NF-B activators identified in nervous system include nerve growth factors, oxyradicals, amyloid ␤-peptide, and neurotransmitter glutamate Mattson and Camandola, 2001; Gutierrez et al., 2005; Gallagher et al., 2007; Gavaldà et al., 2009) . Previous studies have observed increased nerve sprouting or branching in Rapsyn mutant mice (Gautam et al., 1995; Banks et al., 2001) , but this phenotype was not found in RelA/p65 mutant mice. We believe that, as a transcription factor, RelA/P65 may also regulate expression of other genes, in addition to Rapsyn. Furthermore, genetic ablation of p65 was selectively in skeletal muscle cells, rather than globally. Muscle-specific knock-down of RelA/p65 inhibits AChR clustering and correspondingly causes matching of nerve terminals with AChR clusters.
Synaptic transcription has been proposed to play important role in regulating synaptogenesis at the vertebrate NMJ (Schaeffer et al., 2001; Burden, 2002) . In addition to inducing AChR cluster formation, Agrin/MuSK signaling has also been shown to play important roles in regulating synaptic AChR expression (Yang et al., 2001; Lacazette et al., 2003; Jaworski and Burden, 2006) . Although bath application of Agrin had no apparent effect on RelA/p65 expression (supplemental Fig. S2 , available at www. jneurosci.org as supplemental material), we could not exclude the possible regulation of RelA/p65 by synaptic Agrin that attached to the synaptic basal lamina. It would be of interest to identify the mechanism that underlies NF-B regulation at the NMJ. Our demonstration that NF-B regulates Rapsyn expression, together with the other reports of ␦-or ␤-catenin regulation of Rapsyn expression at the NMJ (Rodova et al., 2004; Wang et al., 2008) , suggests the intriguing mechanism by which transcription factors influence synaptogenesis.
